Hyoid myotomy without suspension: a surgical approach to obstructive sleep apnoea syndrome 
Introduction
obstructive sleep apnoea syndrome (oSAS) is a multifactorial pathology consequent to upper airway obstruction and often associated with cardiovascular and metabolic comorbidities 1 2 . Treatment of oSAS must be based on the exact determination of the site of upper airway collapse obtained through careful clinical evaluation including endoscopy of the upper airway during awake status and during drug-induced sleep endoscopy [3] [4] [5] [6] . Several surgical and non-surgical procedures have been proposed as an alternative to continuous positive airway pressure (CPAP) for treatment of patients with oSAS. Among the non-surgical techniques, good results have been obtained with the use of oral devices, especially when there is evidence of improvement of the breathing space after mandibular advancement manoeuvres during sleep endoscopy 7 . Surgical approaches have been described to treat oSAS patients and include na-sal surgery, pharyngeal surgery, tongue surgery, hyoid bone surgery [8] [9] [10] [11] and maxillary surgery with several variations and personalisations [12] [13] [14] [15] with the aim of achieving good and safe results 16 . riley et al. 8 9 proposed a multilevel surgical approach consisting of two phases. The first includes nasal surgery, uvulopalatopharyngoplasty (uPPP), genioglossus advancement and hyoid bone suspension; the second phase (applied to patients not responding to the first phase of treatment) includes bi-maxillary advancement and tongue base surgery. in the present report, we describe a multilevel surgical approach to the treatment of adult, non-obese patients with severe oSAS and both retropalatal and retrolingual collapse in agreement with the protocol of riley et al. 8 9 combining nasal surgery, uPPP and hyoid myotomy. in contrast to other surgical procedures, we do not perform hyoid suspension. The hyoid bone is freed from its lower connections (by cutting the sub-hyoid muscles), but it is not suspended to nearby anatomical structures. herein, we present our surgical technique and the results achieved.
Clinical techniques and technology
We enrolled 6 patients (5 males/1 female; mean age 44.3 ± 8.8) with a body mass index < 27 kg/m 2 , cephalometric parameters consistent with retropalatal and retrolingual obstruction confirmed by sleep endoscopy, absence of major cranio-facial abnormalities, apnoea-hypopnoea index (Ahi) > 20 events per hour of sleep documented by full-night laboratory-based polysomnography. The study conformed with the declaration of helsinki and was approved by the local ethics Committee. All patients gave written informed consent for surgical treatment. According to standard protocols 17 , pre-surgery evaluation included clinical otorhinolaryngoiatric examination, cephalometric evaluation [in particular the posterior airway space (PAS) measured as the minimal distance between the base of the tongue and the posterior pharyngeal wall, and the mandibular planus-hyoid bone distance (mP-h)], nasal and oro-pharyngeal endoscopy in awake status and during drug-induced sleep. Four full-night laboratory nocturnal polysomnographies (PSgs) were performed: the first before surgical treatment (PSg#1), the second at one week after surgery (PSg#2), the third after 6 months follow-up (PSg#3) and the fourth at 18 months after treatment (PSg#4). PSgs were recorded with a micromed System '98 digital polygraph with electroencephalographic electrodes, electro-oculographic electrodes, electromyography of submental and intercostal muscles, airflow measured by oronasal thermocouple, thoracic and abdominal effort, eKg (v2 modified derivation) and peripheral haemoglobin saturation. Sleep registration lasted from 11:00 pm to 7:00 am. A trained technician was present during data acquisition. Sleep stages were visually classified according to the criteria of rechtschaffen and Kales 18 . The scoring and classification of sleep-related respiratory events was made visually. Apnoeas were defined as a decrease of the airflow signal up to >= 90% from the baseline for more than 10 sec. hypopnoea events were defined by a decrease of amplitude of the airflow signal by 30% or more and the event lasts at least 10 sec and the blood oxygenation drops by 4% or more or the event is associated with an eeg arousal (3 sec or more of fast, desynchronised activity). Ahi was the ratio of apnoeas plus hypopnoea per hour of sleep (excluding central events). PSg features of patients are summarised in Table i . All patients, after diagnostic assessment, were prescribed a nocturnal ventilator treatment (nasal CPAP or Bilevel) and underwent a titration night. none of the 6 patients were compliant to ventilator therapy and voluntarily chose to undergo upper airway surgery. Turbinate ablation with radiofrequency and septoplasty was performed in all patients. Palatoplasty and tonsillectomy were also performed in all patients according to the technique described by riley et al. 8 9 Successively, subhyoid myotomy was performed via a 3 cm transversal cut, including total sectioning of the sub-hyoid muscles. in contrast to the other techniques proposed, the hyoid bone was not anchored to either thyroid cartilage or the mandibular bone. Surgery was well tolerated by all patients, and all patients were able to swallow normally at 7 to 10 days after surgery. The results of PSg studies are detailed in Table i (for sleeprelated breathing abnormalities). Before surgery, baseline PSg results were consistent with severe oSAS. The Ahi ranged from 27.0 to 54.6 with a mean of 35.4 ± 13.7. immediately after surgery, all PSg parameters showed improvement relative to sleep breathing abnormalities: in particular, the Ahi decreased from 35.4 ± 13.7 events/ hour before surgery to 7.9 ± 4.1 events/hour after surgery (Student's t-test p = 0.0054). After 18 months of followup, the Ahi was 7.4 ± 3.2. At cephalometry before surgery, the posterior airways space (PAS) ranged from 3 mm to 9 mm (mean 6.0 ± 2.4 mm). After surgery, a dramatic increase in PAS was seen, ranging from 12 mm to 16 mm (mean 14.8 ± 1.5 mm). This increase was statistically significant (Student's t-test p = 0.00079). The mandibular Planus -hyoid bone distance (mP-h) before surgery ranged from 10 mm to 16 mm (mean 12.8 ± 1.9 mm). After surgery the mP-h ranged from 6.8 mm to 13 mm (mean 9.0 ± 2.1 mm) thus showing a significant reduction (Student's t-test p = 0.00026). The values were unchanged after 18 months of follow-up.
Discussion
hyoid bone suspension can be achieved by several surgical procedures [4] [5] [6] [7] [8] [9] [10] . All of these interventions aim to displace the hyoid complex forward and upward, and to fix it to a nearby anatomical structure, either the mandible or thyroid cartilage. This movement increases the PAS, both in its posterior and, mainly, in its lateral portions 4 . The choice to leave the hyoid bone free was suggested by the hypothesis that, by fixing the hyoid to another anatomical structure as in classical surgery, this could induce passive lengthening of the supra-hyoid muscles (upper airway dilators). Therefore, this might impair the physiological action of these muscles in keeping the upper airways open during sleep. in this view, hyoid suspension might abolish one of the physiological mechanisms aimed at preventing upper airways collapse during sleep. moreover, when the hyoid bone is fixed to thyroid cartilage, supra-hyoid muscle is subject to chronic stretching induced by inspiration; such stretching could possibly worsen oSAS 19 . hyoid myotomy without suspension could theoretically prevent such mechanical stress. The most relevant finding in our study was that the employed surgical approach was effective in non-obese patients with severe oSAS. Furthermore, these positive results persisted after 18 months. The improvement was not associated with significant variation in the Bmi. The omohyoid, the sternohyoid and thyrohyoid muscles were sectioned. All these muscles act by lowering the hyoid bone and opposing the upward movement of the larynx. hyoid myotomy induces a spontaneous movement upward and forward of the hyoid bone. We did not perform hyoid suspension following hyoid myotomy: in this view, the proposed technique differs from the most widely applied techniques 4 8-11 . Although commonly employed in literature, hyoid bone suspension and fixation was not necessary for clinical improvement in our sample of oS-AS patients. in our opinion, several factors can explain this result: a) After the described intervention, the respiratory mechanics of upper airway muscle appear to be modified: during inspiration, the decrease of thoracic pressure cannot be transmitted to the hyoid bone and tongue base, thus preventing the downward stretching of hypopharyngeal structures. in this way, the supra-hyoid (involved in digestive functions) and sub-hyoid muscular systems (involved in respiration) act "in parallel" rather than "serially". b) Following sectioning of sub-hyoid muscles, the hyoid is pulled forward and upward (Fig. 1) . Accordingly, the supra-hyoid muscles (pharyngeal dilators) are consequently stretched upwards 4 10 19 . it is well known that the force generated by muscle contraction largely depends on muscle length at rest 20 . Thus, it can be hypothesised that, by fixing the hyoid to another anatomical structure, classical surgery induces passive stretching of the supra-hyoid muscles (upper airway dilators). Such stretching modifies the operating length of supra-hyoid muscles, and it might therefore interfere with the ability of these muscles to keep the upper airways open during sleep 20 , and by abolishing one of the physiological mechanisms aimed at preventing upper airway collapse in sleep. nonetheless, it must be stressed that all our patients were affected by not extremely severe oSAS. moreover, all were young, and with relatively short clinical history of snoring and sleep apnoea. in fact, it has been reported that the natural history of non-treated oSAS induces morphological, physiological, biochemical and histochemical modifications in the upper airway muscles. it is conceivable that, in our group of patients, early diagnosis allowed surgical treatment before the appearance of such modifications. Therefore, the integrity of the upper airway dilator (supra-hyoid) muscles did not require fixation to the hyoid bone. in conclusion, the present data, although collected from a small sample, suggests that hyoid myotomy is an effective, minimally-invasive and well-tolerated surgical technique that may be associated with nasal and palatal surgery in a multilevel approach for patients with oSAS and retrolingual and retropalatal collapse. For these reasons, we suggest that hyoid bone suspension to mandibular or thyroid cartilage might be unnecessary in selected cases. Future studies with a larger number of patients are necessary to confirm our preliminary observations. 
